has interesting catalytic properties, 1, 2 Mg-Cr-O is a an important refractory material, 3 Mg-Ti-O is known to be a high T c superconductor, 4 Mg-Zr-O films can be used as protective layers 5 and ionic conductors, and Mg-Zn-O has a wide band gap which is interesting for optical devices. 6 One technique to synthesize the above mentioned materials in the form of films is magnetron sputtering, employing one or two ceramic and/or metallic targets (the latter implies sputtering in reactive atmosphere). While industrially this class of materials is often deposited from compound targets, for research purposes co-deposition using two metallic sources in an Ar-O 2 ambient is frequently chosen to increase the flexibility with respect to the chemical compositions that can be accessed. [7] [8] [9] This combinatorial approach has been extensively used to study the effect of multiple targets on the deposition process characteristics and to investigate the effect of the chemical composition on microstructure, phase formation and properties of various multicomponent films. [9] [10] [11] [12] [13] [14] [15] In such multi-source combinatorial approaches the substrate and target normal are not parallel with respect to each other, i.e., offnormal deposition is performed. Thus, the substrate encounters an asymmetric flux of film forming species, which can have implications for the film microstructure. A manifestation of the result of an asymmetric flux of material is the formation of biaxially aligned films, i.e., films that exhibit both in-plane and out-of-plane alignment orientation. [16] [17] [18] [19] [20] From a technological point of view these films are important as they are used as buffer layers between non-textured substrates and superconductive thin films to minimize the current losses at the film-substrate interface. 21 In addition, biaxial alignment of films with magnetic 22 and piezoelectric 23 properties has been shown to allow for enhancement of the performance of the corresponding thin film devices. The correlation between off-normal deposition from one source and biaxial alignment is well documented and understood for several materials. 16, 19, 20, [24] [25] [26] [27] This is not the case when growing films from two material sources in a cosputtering arrangement.
The goal of the current study is to contribute to the understanding of the atomistic mechanisms that determine out-of-plane and in-plane alignment and their effect on the microstructure of the films grown in a confocal (co-sputtering) arrangement. To this purpose, The crystallographic properties were investigated by X-ray diffractometry (XRD). XRD measurements were performed in Bragg-Brentano (/2) geometry with a LynxEye Silicon
Strip detector mounted into a D8 discover apparatus (Bruker axs), also equipped with a quarter Eulerian cradle. This apparatus was also used to perform the pole figure measurements in combination with a Sol-X Energy dispersive X-ray detector. In the pole 6 figures measurements,  (the polar angle) and  (the azimuthal angle) were varied from 0-80° and 0-360°, respectively, in steps of 2°.
A field emission gun scanning electron microscope (FEG-SEM) was used to study the topographical and cross-sectional microstructure of the thin films. Cross-sectional microstructure was also studied by means of transmission electron microscopy (TEM). Since deposition from two sources results in highly anisotropic flux, TEM was also used to determine spatial variations of the chemical composition in the nm range. Details about sample preparation and operation conditions of TEM can be found elsewhere.
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III. RESULTS AND DISCUSSION
A. In-plane alignment For the largest distance ( Fig. 1(a) ) three poles can be seen at  ~55° and  ~60, 180 and 300°.
When connecting the poles, a triangle pointing to the left source is formed. The decrease of the distance of one source from 18.5 to 16.5 cm results in a new set of three poles (along with the original ones) with position  ~55° and  ~0, 120 and 140°. By connecting these poles a triangle pointing to the right source is formed. Further decrease of the distance to 12.5 cm leads to a pole figure that consists of three poles, forming a triangle pointing to the right source ( Fig. 1 (d) ), i.e., to the opposite direction as compared to that in Fig. 1(a) . The intensity of these poles increases progressively as the target to substrate distance decreases from 12.5 to 10.5 cm ( Fig. 1 (d) -(e)). The plan view SEM image of the Mg-Mg-O thin film corresponding to the pole figure in Fig. 1 (a) can be seen in Fig. 1 (f) . The image reveals a "roof-tile" structure and the existence of mainly one orientation of the columns facets, although not all perfectly aligned, as is indicated by the solid white lines. 3 (b) ) the existence of two sets of poles is also observed for the Mg-Cr-O system, as can be seen in Fig. 3 (c) . On the contrary, the Mg-Ti-O, Mg-Zr-O and Mg-Y-O films exhibit only one set of poles pointing to the right (see Fig. 3 (d) , (e), (f), respectively). Due to the defocussing effect only one pole is clearly visible in Fig. 3 source forming an angle with the substrate normal also exhibited in-plane alignment. 19, 25, 31 This can be understood from a model previously presented by our group. 19 The tilting of the substrate results in a directional flux of the adatoms. Depending on their in-plane orientation the growing crystals have a different adatom capture probability. This probability can be calculated from the so-called capture length, which is the projection of the crystallite cross section on a plane perpendicular to the direction of the incoming flux. 19 For the particular case of [111] out-of-plane oriented films, the in-plane alignment is caused by the angular dependence of the adatom capture length of the {100} crystal facets which form a triangle.
The angles of largest capture length are 30° and 90° with respect to the flux direction. noticed. This is clear not only from the pole figures (Fig. 3 (b) and (c)) that show 6 poles, but also from the two sets of triangles pointing to two directions in SEM top view image ( 
B. Out-of-plane alignment and microstructure
The three poles shown in Fig. 1 represent the stereographic projection of the {100} facets.
Because the poles are positioned at  = 55° it can be concluded that the films exhibit an [111] out-of-plane orientation perpendicularly to the substrate surface, which is the direction for where the column tilt is plotted as a function of the grain tilt. It can be seen that the tendency found for column tilt is consistent with the tendency for grain tilt.
C. Effect of composition and metal atom size
The 
As this angle is small, the following simplification is allowed
As the crystal grows by alternating metal and oxygen layers, the tilt will increase with crystal size. The latter can be expressed by
with k the crystal size, and 3 a accounting for the d-spacing in the (111) orientation.
Combining Eqs. (2) and (3) the following formula for the tilt is obtained:
Equation (4) predicts that the tilt increases with the composition gradient. The latter, in turn, can be expected to be proportional to M C . However, the experimental results (see e.g. Fig. 2 for the Mg-Al-O system) do not show any correlation between M C and grain tilt. At the same time, the crystallite size, k , calculated for all Mg-M-O systems using the Scherrer's formula 33 was found to be inversely proportional to M C (Fig. 10) . This, according to Eq. (4) (Fig. 8) .
As stated before, it can be expected that the magnitude of the composition gradient depends on M C . For a given M C value a maximum composition gradient can be estimated assuming that all M atoms reside at one side of the growing crystal. In that case, the gradient is given by twice the average composition divided by the smallest distance between two metal atoms in the MgO lattice, i.e., the distance between two oxygen anions (
At the same time, since the crystallite size can be determined independently (see Fig. 10 ), it is possible to calculate the composition gradient
by combining Eqs. (3) and (4) for known values of tilt and atomic radii. Subsequently, the ratio of the calculated
can be used to calculate the relative gradient according to the expression:
The relative concentration gradient for the various Mg-M-O systems is plotted in Fig. 11 
